Soluble microbial products (SMPs) are an important group of components in wastewater effluents. In this study, the formation of disinfection by-products (DBPs), including trihalomethanes (THMs), haloacetic acids (HAAs), chlorinated solvents (CSs), haloketones (HKs), haloacetonitriles (HANs) and trichloronitromethane (TCNM) (chloropicrin), from SMPs during chlorination, chloramination and ozonation was investigated. More carbonaceous DBPs (C-DBPs: THMs, HAAs, CSs and HKs) and nitrogenous DBPs (N-DBPs: HANs and TCNM) were formed in chlorination than chloramination. More dichloroacetic and N-DBPs, and higher DBP formation potential were generated by SMPs than by natural organic matter. The results also show that disinfection factors, including temperature, pH, disinfectant dose, reaction time and bromide level significantly affected the formation of DBPs from SMPs. Additionally, the bromine incorporation factor indicates that chloramination may be a good alternative to chlorination in reducing the formation of Br-DBPs from SMPs. Bromide level and pH were the key factors affecting the formation of DBPs in both chlorination and chloramination.
ABBREVIATIONS
Previous studies have shown that DBPs were associated with the teratogenic, carcinogenic and mutagenic risks (Plewa et al. ) . In order to lower the ecotoxicity of reuse water, there has been increasing interest in using chloramine or ozone as the alternative disinfectant. However, new problems may occur with these alternative disinfectants. For example, the use of chloramine may lead to a decrease in regulated DBPs, but more nitrogenous 
MATERIAL AND METHODS

Chemicals and reagents
Sodium hypochlorite solution (NaClO, 5%) was obtained In addition, SMPs were also collected from two real domestic wastewater treatment plants of Nanjing. The parameters of SMPs were as follows: DOC ¼ 21.5-23.2 mg/L,
Disinfection of SMPs
Chlorination, chloramination and ozonation were con- Chlorination, chloramination and ozonation were conducted in closed glass bottles. During disinfection, the temperature was kept constant by a thermostatic reactor and pH was adjusted with phosphate buffer. After disinfection, the residual chlorine, chloramine and ozone were quenched using Na 2 S 2 O 3 .
In order to compare and understand the formation of were defined as independent variables. The regression placed independent variables into the equation in the order of their partial correlation coefficients with the dependent variable. Thus, the key factors were identified using this process.
RESULTS AND DISCUSSION
Factors affecting DBPFP
Effect of temperature In chloramination, the formation of all the DBPs decreased with increasing pH (Figure 2(b) ). The trends of DBPFP were the same as that with NOM as DBPs precursor (Hong et al. ) . This may be because the main factor which affected the formation of DBPs was not the precursor, but the speciation profile of the disinfectant. The pH affected the speciation of chloramines and the hydrolysis of monochloramine to form free chlorine, which has been suggested to play a significant role in DBPs formation.
Under alkaline conditions, monochloramine was the domi- Moreover, some DBPs underwent base-catalyzed decomposition at alkaline pH but remained stable at acidic pH. 
Effect of disinfectant dose
Effect of reaction time
Effect of bromide level
The effect of bromide level on the total DBPFP was studied by performing experiments at four bromide levels (0, 0.2, 0.5, 1.0 mg/L, Figure 5 ). Bromine-substituted HKs were not analyzed due to the lack of standards in this study, the Because of the higher nucleophilicity and reactivity of dibromamine and bromochloramine, the incorporation of bromine into DBPs was easier than that of chlorine.
Ozonation did not produce halogenated DBPs in the above experiments. However, Br-THMs and Br-HAAs were produced in the presence of bromide, and their formation potential increased significantly (p < 0.05) as the bromide level increased ( Figure 5(e) ). This is because bromide ions can be oxidized by ozone or hydroxyl radicals to form HOBr, a more effective halogen-substituting agent, To better assess the extent of bromine substitution of DBPs, BIF was calculated ( 
Key factors affecting DBPs formation
The results of key factors affecting DBPs formation from SMPs in chlorination and chloramination are shown in Table 3 . Generally, the higher the partial correlation coefficients, the more important the factor is. For THMs, HAAs and CSs formation, bromide level was the most important factor during both chlorination and chloramination. As for HKs, HANs and TCNM formation, effects of pH and then bromide level were generally more significant than those of other factors during chlorination. During chloramination, bromide level showed the most important influence on HKs formation, but less influence on HANs and TCNM formation. Therefore, it is concluded that reducing bromide level will be an effective strategy to control C-DBPs formation from SMPs, whether for chlorination or chloramination. Besides the bromide level, controlling the pH was also very important to control N-DBPs formation.
DBPs speciation and formation from different disinfection methods and real wastewater BIF was defined as the ratio of the molar concentration of bromine incorporated into a given class of DBPs to the molar concentration of DBPs in that class. Take THMs as an example, BIF THMs is the molar amount of bromine in the THMs (CHBrCl 2 þ 2CHClBr 2 þ 3CHBr 3 ) divided by total molar THMs concentration: BIF ¼ (CHBrCl 2 þ 2CHClBr 2 þ 3CHBr 3 )/ΣTHMs. 
DBPs species of chlorinated SMPs and chloraminated
SMPs were almost the same either with or without bromide, however, more C-DBPs (THMs, HAAs, CSs, and HKs) and N-DBPs (HANs and TCNM) were formed in chlorination than chloramination. The formation potential of THMs, HAAs, CSs, HKs, HANs and TCNM in chloramination was only 35%, 37%, 36%, 25%, 52%, 60%
(without bromide) and 23%, 34%, 35%, 24%, 65%, 80%
(with bromide) of those in chlorination, respectively.
Moreover, the proportions of Br-THMs/THMs, Br-HAAs/HAAs and Br-HANs/HANs in chloramination (51%, 54%, 80%) were lower than those found in chlorination (77%, 60%, 89%). Therefore, for wastewater disinfection, chloramination may be not only a good alternative to chlorination in terms of C-DBPs and N-DBPs (HANs and TCNM), but also a better choice to control the formation of Br-DBPs.
In addition, SMPs from two real domestic wastewater treatment plants (A and B) were also disinfected by chlorine, chloramine and ozone (Figure 7) . The DBPs species and concentrations formed by SMPs from synthetic wastewater and the real wastewater were almost the same, and THMs were the dominant DBPs species, followed by HAAs, CTC, HKs and N-DBPs (HANs and TCNM). (Table 1 ).
Figure 7 | DBPFP of two real domestic wastewater treatment plants (a and b) upon different disinfection methods under baseline conditions (Table 1) .
